Abstract-The extent to which endogenous angiotensin (Ang) II formation is responsible for increasing kidney Ang II content and blood pressure during Ang II-induced hypertension is unknown. To address this, mice were treated with an Ang-converting enzyme (ACE) inhibitor (ACEi) to block endogenous Ang II formation during chronic Ang II infusions. C57BL/6J male mice (8 to 12 weeks) were subjected to Ang II infusions (400 ng/kg per minute) with or without an ACEi (lisinopril, 100 mg/L in the drinking water) for 12 days. Blood pressure was monitored by tail-cuff method and telemetry. Ang II content was determined by radioimmunoanalysis. 
A ngiotensin (Ang) II-dependent hypertension is characterized by an augmentation in intrarenal Ang II content beyond circulating levels that is associated with reductions in kidney function and sodium excretion, 1 high blood pressure, [2] [3] [4] and renal and vascular injury. 5 This augmentation is due to at least 2 factors: Ang II sequestration of circulating Ang II by the Ang II type 1 receptor and intrarenal Ang II formation by a local renin-angiotensin system (RAS). 6 The kidneys express all components of the RAS and can, therefore, generate angiotensin peptides from locally formed angiotensinogen. [7] [8] [9] [10] Importantly, our previous work demonstrated that chronic Ang II infusions in mice, 11 as in other species, [12] [13] [14] cause increases in blood pressure with augmented angiotensinogen expression and persistence of renin activity 11, 15 in the kidneys, as well as high intrarenal Ang II content. These observations provide the foundation for the hypothesis that intrarenal Ang II synthesis is inappropriately maintained during Ang II-dependent hypertension in mice despite suppressed renin production by juxtaglomerular cells and elevated arterial pressure. However, the quantitative contribution of this endogenously generated Ang II to the augmentation of intrarenal Ang II content and to the development of high blood pressure observed during Ang II-dependent hypertension has not been established.
Because angiotensin-converting enzyme (ACE) is responsible for most Ang I conversion to Ang II in the mouse kidney, 11, 16 chronically Ang II-infused mice were treated with an ACE inhibitor (ACEi; lisinopril) to suppresses endogenous generation of Ang II. The rationale was that, during chronic Ang II infusions, as a consequence of the reduced capacity for intrarenal Ang II formation because of ACE inhibition, ACEi-treated mice would display lesser increases in intrarenal Ang II and blood pressure when compared with Ang II-infused mice not exposed to ACE inhibition.
Methods

Animal Preparation and Sample Collection
All of the protocols were approved by the Tulane University Health Sciences Center Animal Care and Use Committee. Eight-to 10-week-old C57BL/6J male mice were purchased from Jackson Laboratories (Bar Harbor, Maine) and maintained in a temperaturecontrolled room in a 12:12-hour light:dark cycle with free access to food (Na ϩ content: 0.4%) and water.
First Series
In this series, mice were trained for systolic blood pressure (SBP) determinations by tail-cuff plethysmography before recording initial pretreatment measurements. After this period, mice were anesthetized with 1% to 2% isofluorane inhalation in 100% O 2 to implant osmotic minipumps (Alzet 1002, Durect Corporation), and Ang II was infused at a dose of 400 ng/kg per minute (Ϸ10 ng/min) for 12 days before sample collection (nϭ8). Sham-operated animals were used as controls (nϭ10). Separate groups of Ang II-infused mice (nϭ11) and controls (nϭ10) were treated with the ACEi lisinopril at a dose of 100 mg/L in the drinking water starting 48 hours before minipump implantation (Sigma-Aldrich). SBP was recorded every 3 to 6 days using a Visitech BP2000 system (Visitech Systems, Inc). On day 13, mice were euthanized by conscious decapitation to collect blood and tissue samples that were processed as described previously. 13, 17 
Second Series
In this series, mice were subjected to isofluorane anesthesia, and a catheter connected to a radiotelemetry device was inserted in the left carotid artery to monitor heart rate and blood pressure by telemetry in conscious, unrestrained conditions 18, 19 (model PA-C10, Data Sciences International). After a recovery period of 14 days, basal mean arterial pressure (MAP) levels were established, and animals were again subjected to general anesthesia for minipump implantation. Group distribution was as described for the first series (controls, nϭ5; Ang IIϭ8, ACEiϭ4; Ang IIϩACEiϭ6). Data were collected, stored, and analyzed using Dataquest A.R.T 4.0 software (Data Sciences International). On day 13, mice were given an isofluorane overdose, and the kidneys were collected.
Determinations of Ang I, Ang II, and ACE Activity by Radioimmunoanalysis
For analysis of plasma Ang I and Ang II, trunk blood was collected in chilled tubes containing a protease inhibitor mixture, as described previously. 11 For intrarenal Ang I and Ang II, the right kidneys were homogenized in methanol immediately after extraction. Later, plasma and kidneys samples were processed as described previously. 11, 17, 20, 21 For plasma ACE activity, samples were collected in heparin-containing tubes. Kidneys were collected in ACE assay homogenization buffer. 22 Plasma and kidney ACE activities were determined using a ACE radioimmunoanalysis kit from ALPCO following the manufacturer's recommendations and protocols described by others. 22 In this protocol, 1 unit of ACE activity was defined as the amount of enzyme required to release 1 mol of hippuric acid per minute per liter of sample at 37°C.
Statistical Analyses
All of the data are presented as meansϮSEs. Two-way ANOVAs with Bonferroni's posttests were used when analyzing blood pressure changes. For the rest of the data, 1-way ANOVAs with Bonferroni's posttests were applied. A value of PϽ0.05 was regarded as significant.
Results
MAP and SBP
In telemetry studies ( Figure 1A ), MAP remained stable in the control group during the study, at 109.0Ϯ3.0 mm Hg at day Ϫ3 versus 110.0Ϯ1.0 mm Hg at day 12. Ang II induced a progressive increase in MAP, and by day 12, the Ang II group had an MAP of 141.0Ϯ3.7 mm Hg (PϽ0.05 versus the control group). Such progression was ameliorated by cotreatment with the ACEi, because significant differences were observed between the MAP of the Ang II group and the MAP of the Ang IIϩACEi group from day 9 to the end of the study. By day 12, the MAP in mice cotreated with Ang II and the ACEi was only 114.0Ϯ7.4 mm Hg (PϽ0.05 versus Ang II-infused mice). On the other hand, no significant differences were observed when the MAP of the Ang IIϩACEi group was compared against controls or mice treated only with ACEi. SBP ( Figure 1B ) remained stable in the control group during the study, at 116.0Ϯ3.2 mm Hg at day Ϫ3 versus 112.0Ϯ3.0 mm Hg at day 12 (P value not significant). Ang II infusion caused a slowly progressive increase in SBP that reached significance at day 12, because the SBP in this group was 137.0Ϯ7.4 mm Hg (PϽ0.05 versus controls). ACEi alone significantly reduced SBP from 116.0Ϯ3.0 mm Hg at day Ϫ3 to 102.0Ϯ3.5 mm Hg at day 12 (PϽ0.05). When compared with mice treated only with Ang II, cotreatment with the ACEi significantly ameliorated the increase in SBP induced by Ang II, and by day 12 the SBP in the Ang IIϩACEi group was 114.0Ϯ6.4 mm Hg (PϽ0.05). This value was not significantly different from those of controls or mice treated only with ACEi.
Plasma ACE Activity, Plasma Ang I, and Ang II Plasma ACE activity (Figure 2 ) was 216Ϯ13.5 U in the control group, and this was not modified by Ang II infusions (170Ϯ30.8 U; P value not significant). ACEi significantly reduced plasma ACE activity by 70% in controls (ACEi group: 67Ϯ24.8 U; PϽ0.05) and by 71% in Ang II-infused mice cotreated with ACEi (Ang IIϩACEi group: 49.42 U; PϽ0.05). In accordance with previous reports in systemic ACE knockout mice and ACEi-treated mice, 16 significant 
Discussion
The main finding of this study is that endogenous ACE activity and, therefore, Ang II generation are required for the augmentation of plasma Ang II, intrarenal Ang II, and blood pressure during Ang II-induced hypertension in mice. When mice were infused with Ang II in the presence of ACE inhibition, they failed to develop increased blood pressure levels similar to those observed in mice treated with Ang II only. Thus, these results indicate that endogenous Ang II generation is required for the complete development of hypertension in this model. Furthermore, because plasma renin activity is suppressed and kidney renin activity is maintained during chronic Ang II infusions in mice, 11 it is likely that most of the endogenous Ang I and Ang II are generated by the kidneys during Ang II-induced hypertension. These results are partially supported by Sadjadi et al 23 in which uninephrectomized rats subjected to Ang II infusions and ACE inhibition with enalapril also failed to develop hypertension and increase intrarenal Ang II. However, it is unclear what sort of influence the presence of only 1 kidney exerted on the intrarenal RAS and its ability to respond to chronic Ang II infusions. ACE inhibition is complex because ACE is an enzyme with several substrates, including bradykinin, a molecule with vasodilating and natriuretic activities. In the absence of ACE, bradykinin accumulates. 16 The role of bradykinin accumulation in conditions where ACE activity is suppressed was explored by Xiao et al 24 through the generation of a doubleknockout mice lacking ACE and the bradykinin B 2 receptor. The B 2 receptor is considered the main pathway for bradykinin activation of endothelial NO synthase. It was found that the phenotype of the double-knockout mice was indistinguishable from mice lacking only ACE. Hence, their results confirmed that the observed changes in the ACE knockout mice are primarily because of the lack of Ang II generation and not because of bradykinin accumulation. 24 On the other hand, Cervenka et al 25 subjected B 2 receptor knockout mice to chronic Ang II infusions and observed that the absence of a B 2 receptor exacerbated the development of hypertension, concluding that bradykinin buffered the effect of Ang II in this model. In their study, Ang II was infused at 1800 ng/kg per minute, which is 4.5-fold greater than that used in this report. Such high doses in mice comfound the analysis, because they induce a rapidly progressive and malignant form of hypertension with losses of body and KWs, as well as extrarenal Ang II effects, including direct vasoconstriction. 11, 26, 27 Previous experiments have convincingly demonstrated that ACE is the main pathway for Ang II generation in plasma and in the kidneys. Campbell et al 16 showed that ACE knockout mice display 95% to 97% reductions in intrarenal Ang II content and that acute ACE inhibition reduces kidney Ang II content by Ͼ90% in wild-type controls. These observations emphasize the main role of ACE in intrarenal Ang II formation and do not support suggestions by others that chronic suppression of ACE activity leads to induction of alternative enzymatic pathways of angiotensin II formation, like chymase or chymase-like enzymes. 28 In the present study, only a 50% reduction of intrarenal ACE activity was observed; however, based on the achieved reduction of intrarenal Ang II, it is evident that Ang II generation by ACE is a major contributor to the increases in intrarenal Ang II observed during Ang II-induced hypertension. Several studies have shown that acute or chronic systemic administration of ACEis, although effective at suppressing plasma ACE activity, fails to completely abolish intrarenal ACE activity in the kidneys of normal 29, 30 or Ang II-infused rats. 23 These observations suggest that part of the intrarenal ACE activity is somehow inaccessible to the ACEi. At present there is no clear explanation for this finding, but it is possible that ACE localized to intracellular compartments is beyond the reach of the inhibitor. With regard to the effect of ACE inhibition on plasma ACE activity in Ang II-infused animals, Sadjadi et al 23 reported that enalapril completely abolishes plasma ACE activity in controls and Ang II-infused uninephrectomized rats. In agreement with these observations, it is reported here that ACE inhibition reduced plasma ACE activity by Ͼ70% in both control and Ang II-infused mice.
Ang II-infused rats show an increased intrarenal ACE activity 23 and increased ACE binding in the proximal tubule 10, 31 and other cell types. 31 Two-kidney, 1-clip hypertensive rats display increases in ACE activity in the nonclipped kidney but not in the clipped kidney. 2 In the present study, a significant difference in the activity of ACE between controls and Ang II-infused mice was not observed. It is possible that such discrepancy is because of interspecies differences, the dose of Ang II used, or the severity of the induced hypertension. Future experiments will be conducted to analyze the expression of ACE and other components of the intrarenal RAS in our mouse model. Another issue to be addressed is the effect of ACE inhibition on expression of ACE2 during chronic Ang II infusions, because it has been suggested that chronic treatment with lisinopril increases intrarenal ACE2 activity in normal rats. 32 Such an augmentation in ACE2 activity could enhance Ang II degradation and contribute to the reductions in intrarenal Ang II levels. Thus, an elevation on the activity of degradative pathways for Ang II might also account for the observed results.
It was observed that ACEi inhibition failed to increase Ang I in plasma from control and Ang II-infused mice. These observations are in accord with the absence of differences in plasma Ang I displayed by systemic ACE knockout mice when compared with wild-type littermates. 16 These findings have been attributed to the low levels of plasma angiotensinogen in mice that may attenuate any increase caused by chronic ACE inhibition. 16 In the kidneys, where angiotensinogen is available and renin activity is much higher, 11 ACE inhibition increased Ang I in controls. The lack of effect of ACE inhibition on intrarenal Ang I in Ang II-infused mice is more difficult to explain and perhaps can be attributed to changes in intrarenal angiotensinogen expression, the activation of alternative pathways for Ang I degradation, or both. Further experiments are needed to explore the various possibilities. The failure of chronic Ang II infusions to increase plasma Ang II in the presence of ACE inhibition supports the hypothesis that the kidneys are the main sites for endogenous Ang II generation during Ang II-induced hypertension. ACE inhibition may, therefore, reduce the kidney's capability to contribute to the plasma pool of Ang II.
In summary, these results demonstrate that endogenous ACE-mediated Ang II formation plays a significant role in the increases of blood pressure, plasma Ang II, and intrarenal Ang II during Ang II-induced hypertension, because pharmacological inhibition of this enzyme with lisinopril significantly ameliorates such changes in Ang II-infused mice.
Perspectives
ACEis and angiotensin receptor blockers are effective in patients with essential hypertension, although the vast majority have normal or low plasma renin activity levels; they also confer renoprotection to an extent greater that can be explained by the reduction in blood pressure. These effects may be explained by modulation of the intrarenal RAS and Ang II. Therefore, studies aimed at the mechanisms that govern the intrarenal RAS and, consequently, local Ang II levels in the kidney will contribute to our understanding of hypertension and renal injury and lead to the development of better diagnostic and therapeutic tools.
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